• First characterization of behavior for all available system xc-mouse mutants.
Introduction
The slc7a11 gene encodes a protein called xCT. xCT is the essential catalytic core of 'system xc-', a plasma membrane exchange system that exports glutamate and imports cystine [1] [2] [3] . Slc7a11 is highly expressed in mammalian brain tissue but the role of xCT or cystine/glutamate exchange in behavior remains unclear [4, 5] .
Two different xCT mutant mouse strains exist. 'Subtle grey (sut)' is a spontaneous mutation in the C3H/HeSnJ (SnJ) background that causes a deletion and substitution in the last exon of slc7a11 [6] . some age-related loss of brain tissue in the sut knockout strain [6] , but neural degeneration has not been seen in xCT knockouts [9] .
System xc-also exports substantial amounts of glutamate. Studies in Drosophila, mice, and rats have shown that 50-60% of extracellular glutamate in some brain areas is attributable to system xc-activity [9, [18] [19] [20] [21] . Data from Drosophila suggest that this 'ambient extracellular glutamate' is capable of constitutive desensitization and downregulation of glutamate receptors [19] . Consistent with this, Drosophila xCT mutants show increased synaptic glutamate receptors and altered behavior that can be phenocopied or reversed by manipulating extracellular glutamate and synaptic transmission [22] . In rats, pharmacological inhibition of system xc-leads to changes in drug withdrawal behavior consistent with loss of tonic metabotropic glutamate receptor activation in the nucleus accumbens [23] [24] [25] . Furthermore, rats given an activator of system xc-prior to phencyclidine (PCP) exposure showed reversal of PCP related working memory deficits, and this effect was blocked by inhibitors to system xc- [26] .
As expected if system xc-activity regulates behavior, sut mutants have a reduction in long-term potentiation and long-term memory [27] , and xCT mice show minor memory deficits as exhibited by a reduction in spontaneous alternation ability in a three-arm maze task [18] . However, no studies to date have examined behavior in homozygous xCT knockouts, sut mutants, and F1 heteroallelic xCT/sut mutants to determine definitively whether any behavioral changes are present in all three of these slc7a11 mutant strains, compared to appropriate controls. It is possible that genetic alterations other than those at the locus of interest (slc7a11, in our case) could contribute to behavioral differences. Therefore any behaviors that are not consistent across all three strains may not be attributable to loss of system xc-.
In the current study, we did not observe any behavioral phenotype shared by all three slc7a11 mutant strains, and therefore could not definitively attribute any behavioral phenotypes to loss of xCT. To ensure that all three strains represented true xCT protein null mutants, we used Western blots to confirm that sut mice and xCT/sut crosses do not make xCT protein. Consistent with previous microdialysis measurements from xCT mutants, we measured significant reductions in striatal glutamate in homozygous sut mutants, compared to control mice. However, we detected no differences in striatal glutamate of xCT/sut mice, and we detected no differences in cerebellar glutamate levels in any strain. Western blots using whole brain tissue from all three strains and controls detected no change in excitatory amino acid transporter (EAAT) expression.
Materials and methods

Animals
The University of Illinois Chicago Institutional Animal Care and Use Committee approved all experiments. For all of the tests described below, mice between 60 and 120 days old were used except for the three-arm maze and open field where mice were 90-120 days old. Mice were naïve to the maze prior to the first test. Unless otherwise stated, ten mice from each sex and genotype were used. Animals were videotaped for accurate behavioral analysis.sut mice and their background, C3H/HeSnJ ('SnJ'), were obtained from The Jackson Laboratory (Bar Harbor Maine, USA). Primers localized for the 12th exon were used to identify sut mutants via PCR genotyping: sut-GCTGCTCATGGTAGGCTTTC TGCATCTC-CATCCATGTTGT. As a positive control, we also amplified a section downstream of the of the slc7a11 gene on the 3rd chromosome: control-GCCTGACTTCTGGCTGGTAG GTCCAAGAGAGGCTGCAAAC.
The xCT knockout mice were generously donated by Dr. Hideyo Sato [7] . Genotype was confirmed for the xCT mice and their controls C57BL/6 ('B6 ) using PCR as previously described [18] . xCT/sut mice were generated by crossing males or females of xCT mice and males or females of sut mice. The first generation (F1) of these offspring was used for all tests involving the cross. The same was done for the control strains; males or females of B6 mice were paired with male or female SnJ mice ('B6/SnJ').
Rotarod test
A mouse was placed on a rotarod (Accuscan Instruments), which is a motorized rod that continues to increase in speed until the mouse falls off [29] . The speed of the rotating rod increases from 4 to 40 rpms over 5 min or until the mouse falls off. Speed the rod has reached and amount of time spent on the rod were recorded for each mouse. Each mouse was tested for five trials in a day and the average over the day for those trials was quantified. Mice were tested for six consecutive days.
Open field maze
The maze consisted of an opaque tank that was sectioned into nine grid areas, with a middle square [30] . All of the grid areas were of roughly equal size. A mouse was placed in the middle space to start and was allowed to explore the maze for 8 min. Number of grids crossed and time spent in the middle section were quantified for each mouse manually using a video camera.
Three-arm spontaneous alternation maze
The three-arm maze had three equally-spaced arms, which the animal was allowed to explore freely for 8 min. All of the arms were identical, providing no intra-maze cues. However the walls were low enough that animals could see extra-maze cues that were provided outside the maze. The number of arm entries and order of arm entries was recorded for a total of 8 min. An arm entry was only considered complete when all four paws crossed fully into the arm. An alternation occurred when an animal entered three different arms consecutively. Percentage alternation was then scored (number of alternations divided by number of total possible alternations times 100) as a measure of spatial memory [18] .
Four-arm spontaneous alternation maze
The maze consists of four equally-spaced arms extending from the center of the maze. The animals were given 10 min to explore the maze and each arm entry and order of arm entry was recorded. An arm entry was only considered complete when all four paws crossed fully into the arm. An animal was considered to have made an alternation when it entered four different arms consecutively. An alternation percent was then calculated, which is the number of alternations, divided by the number of total possible alternations, multiplied by 100 [31] .
Estrus stage determination
Female mice were examined at the four different stages of the estrus cycle prior to testing in the four-arm spontaneous alternation task as described above. To determine estrus stage, a vaginal smear was taken prior to test by using lavage and then later examined using a light microscope to determine the stage of estrus. Estrus staging was then confirmed using the Pap smear technique described in [32] . Estrus stage was determined by the ratio of nucleated and cornified cells and leukocytes present in the vaginal smear. Smears were taken and examined for 4-5 days prior to testing to ensure that animals were cycling and in the appropriate stage.
Western blotting
Procedures for blotting and brain homogenization were essentially as described [8] . Brains of SnJ, sut, B6, xCT, B6/SnJ, and xCT/sut mice 70-100 days old were extracted and homogenized as described previously. Brains were homogenized using a cold mortar and pestle in 1000 L extraction buffer. Extraction buffer contained 2% Sodium dodecyl sulfate, 60 mM Tris Base pH 6.8, 100 mM dithiothreitol, and 1 mM Na 2 EDTA. After homogenization, samples were incubated for 30 min at 37 • C. Samples were processed four times through 20G needles and ground again with a small pestle in a 1,500 L tube. Samples were then spun at 10000G at 4 • C and supernatants were stored at -20 • C until use in Western blotting. Samples were then boiled for 5 min at 95 • C. Protein concentrations were determined using a Bradford method. Ten micrograms of protein and SDS mix were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (4-20% gel; Bio-rad) with a Kaleidoscope pre-stained standard for a ladder (Bio-Rad). The gel was then transferred to a polyvinylidene fluoride membrane (Immobolin-P, Millipore) using a Criterion Blotter (Bio-Rad). Non-specific binding was blocked by incubating the membrane for one hour with 5% non-fat milk and PBTX. The membrane was incubated overnight at 4 • C with 1:1000 xCT antibody (Novus) or 1:1000 for EAAT-1,2,3 (Novus) and a control of 1:2000 anti-actin (Millipore) in 5% non-fat milk and PBTX. The next day, it was incubated for one hour with horseradish-peroxidase-conjugated anti-rabbit Immunoglobulin (1:50,000; Promega (Madison, WI) for EAAT 1, 2 or 3 or 1:100,000 for xCT) and anti-mouse immunoglobulin (1:50,000; Promega (Madison, WI)) for actin. The membrane was then visualized with Clarity West ECL substrate (Biorad). Densities of immunoreactive bands were normalized to the actin bands on the same membrane and experiments were repeated at least three times for each genotype.
Microdialysis
6-7 males between the ages of 90-120 days old of sut, SnJ, xCT/sut and B6/SnJ were used for microdialysis experiments; in addition 6-7 females of xCT/sut and B6/SnJ were also used. Mice were anaesthetized I.P. according to their weight with xylazine/ketamine (10/100 mg/kg). The animal was then placed into a stereotaxic frame where guide cannulas were placed at the following coordinates relative to Bregma. For striatum the guide cannula was placed at -2.0 mm mediolateral, +0.6 mm rostrocaudal, and +1.8 mm dorsoventral, similar to the protocol in [9] . For cerebellum measurements the guide was placed at +2.0 mm mediolateral, -6.1 mm rostrocaudal and +0.7 mm dorsoventral. Two surgeries were conducted per day with one control animal and one xCT knockout animal. A 2 mm probe was used for glutamate collection in the striatum, while a 1 mm probe was used for the cerebellum (CMA/Harvard Apparatus). Probes were continuously perfused with modified Ringers' solution containing 147 mM NaCl, 2.3 mM CaCl 2 and 4 mM KCl. Once probes were inserted animals were allowed to recover overnight from anesthesia. At least 16 h following surgery, samples were collected every 20 min at a flow rate of 2 L/min. 15 L were then transferred to a glutamate collection tube and stored at 4 • C until frozen at -20 • C after collection was complete. Following sample collection mice were killed using 1 mL of pentobarbital. Their brains were removed from the skulls and stored in 4% paraformaldehyde at 4 • C histological verification of probe localization. To measure glutamate concentrations in the microdialysis samples a reversed-phase narrow-bore assay with gradient elution and fluorescence detection was used. The dialysate was derivatized with o-phtaladehyde with ␤-mercaptoethanol at 4 • C. Liquid chromatography was performed using a Shiseido C 18 capcell pak MG reverse phase column. Fluorescence detection was performed with a Shimadzu spectrofluorometric detector RF-10Axl. Integration of chromatograms was performed by an integration computer program KromaSystem 2000 (Kontron, Italy). The mobile phases and gradient program were used as described in [33] .
Statistical analysis
One-way ANOVA with Tukey post-test were performed on all behavioral analyses except for the rotarod task and estrus cycle analysis, where a Two-way ANOVA with Bonferroni post-test was performed. Protein levels were analyzed with a One-way ANOVA with Tukey post-test. Due to their non-parametric distribution, glutamate levels were analyzed with a One-tailed Mann-Whitney U analysis. Figs. 2-5 are box plots with 10-90% confidence intervals; all other data represent mean ± SEM. Significance was defined as p < 0.05. Data were analyzed using GraphPad Prism5 Software (La Jolla, CA).
Results
Rotarod task
Given that slc7a11 is highly expressed in the cerebellum (www.brain-map.org), we first wanted to measure cerebellar based motor behaviors in xCT knockout mice. The rotarod task is a test of motor coordination, and when repeated, also a test of motor learning. sut and xCT knockout mice and their controls were tested in a rotarod task over six days to test for motor defects and quantify performance improvements when the task was repeated. Neither sut or xCT male mice had deficits in the rotarod task, compared to their controls, on the first day of the experiment (two-way repeated measures ANOVA with Bonferroni post-tests, Day 1 fall time sut 54.2 ± 4.7 s, n = 10; SnJ 56.7 ± 6.8 s, n = 10, p > 0.05, Fig. 1A ; Day 1 fall time xCT 101.9 ± 5.0 s, n = 7; B6 77.2 ± 7.5, n = 10, p > 0.05, Fig. 1C ). Female sut and xCT mice also did not have impaired motor coordination on day 1 of the test compared to their controls (twoway repeated measures ANOVA with Bonferroni post-tests, Day 1 fall time sut 84.5 ± 6.8 s, n = 10; SnJ 75.1 ± 4.7 s, n = 10, p > 0.05, Fig. 1B ; Day 1 fall time xCT 108.6 ± 12.9 s, n = 10; B6 100.8 ± 9.6, n = 10, p > 0.05, Fig. 1D ). Male sut or xCT mice did not have a deficit on day 6 of the rotarod test, showing that they did not have impaired motor learning compared to their controls (twoway repeated measures ANOVA with Bonferroni post-tests, Day 6 fall time sut 111.7 ± 11.1 s, n = 10; SnJ 115.9 ± 8.2 s, n = 10, p > 0.05, Fig. 1D ). None of the other days showed significantly different performance for males or females of either the sut or xCT genotype compared to their controls (Days 2-5, Fig. 1A-D) .
We conclude that neither male nor female sut or xCT mutant mice have deficits in motor coordination or motor learning, as assayed by the rotarod task.
Open field task
To further test whether xCT mutant mice were impaired in motor behavior, male and female homozygous sut, xCT and xCT/sut animals were tested in an open field maze and compared to their controls: SnJ, B6, and B6/SnJ, respectively. The total number of grid crossings that animals made were measured as well as the percent of time the animals spent in the middle of the maze within eight minutes. Male sut mice had fewer grid crossings than their controls. However xCT and xCT/sut mice did not make fewer crossings compared to their controls (one-way ANOVA with Tukey posttest # of grid crossings xCT/sut 113.2 ± 6.7 crossings, n = 10, B6/SnJ 91.9 ± 8.7 crossings, n = 10, p > 0.05; xCT 127.5 ± 11.6 crossings, n = 8, B6 123.3 ± 4.4 crossings, n = 11, p > 0.05; sut 64.9 ± 11.6 crossings, n = 14, SnJ 108.5 ± 10.5 crossings, n = 11, p < 0.05; Fig. 2A ). Female xCT knockout mice did not make significantly fewer grid crossings than their controls (One-way ANOVA with Tukey posttest # of grid crossings xCT/sut 117.5 ± 6.5 crossings, n = 11, B6/SnJ 99.5 ± 6.8 crossings, n = 10, p > 0.05; xCT 95.3 ± 4.2 crossings, n = 10, B6 115.4 ± 8.1 crossings n = 12, p > 0.05; sut 74.8 ± 10.3 crossings n = 10, SnJ 68.7± 12.5 crossings, n = 10, p > 0.05; Fig. 2B ). There was no statistically significant difference in the percent time spent in the middle of the maze between any of the genotypes and their controls for either males and females (One-way ANOVA with Tukey posttest males % time in the middle xCT/sut 10.7 ± 1.1%, n = 10, B6/SnJ 9.4 ± 1.4%, n = 10, p > 0.05; xCT 11.7 ± 1.0%, n = 8, B6 10.5 ± 0.8%, n = 11, p > 0.05; sut 11.3 ± 2.5%, n = 14, SnJ 9.3 ± 1.2%, n = 11, p > 0.05; Fig. 2B ; Females % time in the middle xCT/sut 
.1%, n = 10, B6 10.0 ± 1.1%, n = 12, p > 0.05; sut 6.5 ± 1.3%, n = 10, SnJ 7.2 ± 1.0%, n = 10, p > 0.05; Fig. 2D ).
Taken together, our data reveal that none of the xCT mutant alleles showed open field behavior differences that were consistent across all three genotypes in either sex, suggesting that loss of xCT does not have obvious effects on open field behavior.
Three-arm spontaneous alternation task
To test for exploratory behavior deficits related to working memory, male and female mice from all three genotypes and their controls were tested in a three-arm spontaneous alternation maze. The three-arm spontaneous alternation task utilizes a mouse's natural exploration behavior to test how efficiently they can explore a novel maze. Mice were tested in this maze for eight minutes and their percent alternations and number of arm choices was recorded. Male sut mice made fewer alternations than their controls, however the xCT and xCT/sut mice made a similar number of alternations compared to their controls (one-way ANOVA with Tukey's posttest percent alternations xCT/sut 60.2 ± 5.6%, n = 10, B6/SnJ 59.1 ± 5.3%, n = 10, p > 0.05; xCT 59.7 ± 2.9%, n = 10, B6 61.21 ± 3.8%, n = 11, p > 0.05, sut 20.2 ± 6.7%, n = 14, SnJ 49.3 ± 4.1%, n = 11, p < 0.01; Fig. 3A ). Female sut mice also had a reduction in the percent alternations in this task compared to their controls. However, neither the xCT or xCT/sut knockouts differed from their controls in this task (One-way ANOVA with Tukey's posttest percent alternations xCT/sut 64.0 ± 3.8%, n = 11, B6/SnJ 64.8 ± 4.3%, n = 10, p > 0.05; xCT 60.6 ± 4.5%, n = 10, B6 58.2 ± 3.4%, n = 12, p > 0.05, sut 26.9 ± 8.2%, n = 10, SnJ 54.9 ± 7.8%, n = 10, p < 0.05; Fig. 3B ). Male sut mice also made fewer arm choices than their controls, but the xCT and xCT/sut mice did not (one-way ANOVA with Tukey's posttest number of arm choices xCT/sut 22.8 ± 2.0 choices n = 10, B6/SnJ 22.8 ± 2.0 choices, n = 10, p > 0.05; xCT 22.7 ± 2.0 choices, n = 10, B6 22.4 ± 0.8 choices, n = 11, p > 0.05, sut 8.8 ± 2.5 choices, n = 14, SnJ 22.6 ± 2.2 choices, n = 11, p < 0.001; Fig. 3C ). Female mice of all three genotypes did not differ from their controls in the number of arm choices they made in this task (one-way ANOVA with Tukey's posttest number of arm choices xCT/sut 22.6 ± 1.4 choices n = 11, B6/SnJ 19.6 ± 1.6 choices, n = 10, p > 0.05; xCT 20.2 ± 1.6 choices, n = 10, B6 23.1 ± 1.6 choices, n = 12, p > 0.05, sut 13.7 ± 3.3 choices, n = 14, SnJ 20.9 ± 2.5 choices, n = 10, p > 0.05; Fig. 3D ).
To summarize, although homozygous sut males and females both showed reduced spontaneous alternation, the xCT and xCT/sut strains did not. Spontaneous alternation in a three-arm maze therefore does not appear to be affected by loss of system xc-.
Four-arm spontaneous alternation task
Another version of the spontaneous alternation task involves a four-arm maze, which due to the presence of more arms is a more difficult version of the spontaneous alternation task. Animals were tested in a four-arm maze for a total of ten minutes and their percent alternations and number of arm choices was recorded. In this task neither males nor females of any of the genotypes had a significant reduction in their ability to alternate (one-way ANOVA with Tukey's posttest male percent alternations xCT/sut 28.4 ± 3.2%, n = 10, B6/SnJ 32.8 ± 2.6%, n = 10, p > 0.05; xCT 27.5 ± 2.9%, n = 14, B6 31.8 ± 3.0%, n = 11, p > 0.05, sut 18.5 ± 4.9%, n = 10, SnJ 20.6 ± 3.9%, n = 10, p > 0.05 Fig. 4A , female percent alternations xCT/sut 37.8 ± 4.1%, n = 11, B6/SnJ 38.4 ± 3.8%, n = 10, p > 0.05; xCT 28.3 ± 1.3%, n = 39, B6 27.6 ± 1.8%, n = 39, p > 0.05, sut 12.2 ± 1.9%, n = 69, SnJ 17.1 ± 1.9%, n = 56, p > 0.05 Fig. 4B ). Male sut animals made fewer arm choices than their controls, however xCT and xCT/sut males did not (one-way ANOVA with Tukey's posttest number of arm choices xCT/sut 27.8 ± 1.8 choices n = 10, B6/SnJ 34.0 ± 1.7 choices, n = 10, p > 0.05; xCT 28.7 ± 1.3 choices, n = 14, B6 32.55 ± 2.1 choices, n = 11, p > 0.05, sut 19.9 ± 3.9 choices, n = 10, SnJ 32.7 ± 4.3 choices, n = 10, p < 0.05 Fig. 4C ). Female sut mice also made fewer arm choices than their controls, though neither xCT or xCT/sut mice made fewer choices compared to their controls (oneway ANOVA with Tukey's posttest number of arm choices xCT/sut 28.0 ± 1.7 choices n = 11, B6/SnJ 28.4 ± 2.0 choices, n = 10, p > 0.05; xCT 29.5 ± 1.0 choices, n = 39, B6 30.7 ± 1.1 choices, n = 39, p > 0.05, sut 13.0 ± 1.5 choices, n = 68, SnJ 19.8 ± 1.8 choices, n = 59, p < 0.01 Fig. 4D ).
In summary, male and female homozygous sut mutant mice both made fewer arm choices in the four-arm maze, but no mutant strains in the four-arm maze showed statistically significant differences in spontaneous alternation frequency, compared to controls.
Estrus stage and spontaneous alternation
Male and female sut mice had similar changes in their behavior during the spontaneous alternation task. Male sut mice seemed to have impairment in the open-field maze, while females did not. Therefore there could be a sex-specific non-motor explanation for changes in female sut mouse behavior. To test whether the reduction in arm choices seen in female sut mice in the fourarm spontaneous alternation maze were due to changes in the estrus cycle, at least ten mice in each stage of estrus (proestrus, estrus, metestrus and diestrus) were tested in the four-arm spontaneous alternation task and percent alternations and number of arm choices were recorded, as described above. There was no difference in xCT and B6 control animals across the stages of the estrus cycle in the percent of alternations (Two-way ANOVA without matching and Bonferroni posttests, spontaneous alternation percent, xCT proestrus 28.3 ± 3.0%, n = 11; estrus 28.7 ± 2.8%, n = 11; metestrus 24.8 ± 1.8%, n= 10; diestrus 31.0 ± 2.6%, n = 10; B6 proestrus 24.2 ± 3.3%, n = 10; estrus 26.7 ± 3.2%, n = 10; metestrus 29.6 ± 2.9%, n= 10; diestrus 30.1 ± 4.3%, n = 10, Fig. 5A ). There was also no difference in xCT and B6 animals across the stages of the estrus cycle in the number of arm choices (Two-way ANOVA without matching and Bonferroni posttests, number of arm choices, xCT proestrus 28.4 ± 1.2 choices, n = 11; estrus 26.5 ± 1.3 choices, n = 11; metestrus 31.9 ± 2.6 choices, n= 10; diestrus 31.2 ± 2.2 choices, n = 10; B6 proestrus 31.4 ± 1.7 choices, n = 10; estrus 30.1 ± 2.3 choices, n = 10; metestrus 30.6 ± 2.2 choices, n= 10; diestrus 30.9 ± 2.3 choices, n = 10, Fig. 5B ). There was no difference in sut and SnJ animals across the stages of the estrus cycle in the percent of alternations in the task (Two-way ANOVA without matching and Bonferroni posttests, spontaneous alternation percent, sut proestrus 17.0 ± 4.7%, n = 15; estrus 13.3 ± 3.9%, n = 22; metestrus 11.8 ± 4.7%, n= 12; diestrus 10.0 ± 4.0%, n = 12; SnJ proestrus 19.3 ± 5.0%, n = 10; estrus 14.5 ± 3.3%, n = 16; metestrus 18.7 ± 4.3%, n = 14; diestrus 10.5 ± 4.3%, n = 9, Fig. 5C ). There was no difference in sut and SnJ animals across the stages of the estrus cycle in the number of arm choices during the task (Two-way ANOVA without matching and Bonferroni posttests, number of arm choices, sut proestrus 14.7 ± 3.4 choices, n = 15; estrus 11.8 ± 2.4 choices, n = 22; metestrus 10.6 ± 3.9 choices, n= 12; diestrus 11.3 ± 3.4 choices, n = 12; SnJ proestrus 21.0 ± 4.5 choices, n = 10; estrus 19.3 ± 3.1 choices, n = 16; metestrus 16.7 ± 2.9 choices, n= 14; diestrus 10.9 ± 4.2 choices, n = 9, Fig. 5D ).
In summary, there was no significant difference in spontaneous alternation between any strain of xCT mutant mice and their controls across the stages of estrus.
Protein levels of xCT knockouts
The sut mutation might produce a slightly truncated but still functional protein. It has never been shown that sut mice are a null mutant at the protein level. Since sut mice appear to have a different behavioral phenotype than xCT mice, we measured xCT protein levels in all three slc7a11 mutant genotypes (xCT, sut, and xCT/sut) and their controls (B6, SnJ, and B6/SnJ) to rule out the possibility that some of the differences between strains might be attributable to incomplete elimination of functional xCT protein in sut mice.
Western blots showed no detectable protein in any of the three mutant genotypes, including sut, and there was no difference in xCT protein elevels between the control backgrounds when normalized to actin (One-way ANOVA with Tukey posttest of protein levels B6/SnJ 0.04 ± 0.01, n = 3, B6 0.03 ± 0.02, n = 3, SnJ 0.06 ± 0.04 n = 3, Fig. 6 ).
We conclude that xCT protein is not produced by any of the slc7a11 mutant strains used in this study (homozygous sut, homozygous xCT, and xCT/sut).
Glutamate levels in xCT knockouts
To determine whether sut mutants have reduced glutamate levels, as previously shown in the striatum of homozygous xCT knockouts [9, 18] we measured glutamate levels in the striatum Fig. 6 . None of the three slc7a11 mutant strains used in this study produce xCT protein (35 kDa). xCT abundance is measured through Western blotting and normalized to actin (not shown).
and cerebellum of homozygous sut and xCT/sut mutants using microdialysis. There was no significant difference in glutamate levels between sut and their controls in the cerebellum but we did see a reduction in the striatum (One-tailed Mann-Whitney U glutamate levels in the striatum sut 0.17 ± 0.1 M, n = 7; SnJ 0.35 ± 0.1 M, n = 6, p = 0.047; glutamate levels in the cerebellum sut 0.29 ± 0.05 M, n = 7; SnJ 0.82 ± 0.4 M, n = 6, p = 0.35, Fig. 7G,H) . Glutamate levels in male and female xCT/sut and their controls in the striatum and cerebellum were also measured. There was no significant difference in glutamate levels in the cerebellum or striatum for xCT/sut males compared to their controls B6/SnJ (One-tailed Mann-Whitney U glutamate levels cerebellum, xCT/sut 0.50 ± 0.17 M, n = 6, B6/SnJ 0.55 ± 0.18 M, n = 6, p = 0.44, Fig. 7E ; striatum, xCT/sut 0.32 ± 0.11 M, n = 6, B6/SnJ 0.39 ± 0.17 M, n = 6, p = 0.50, Fig. 7F ) There was no significant difference in glutamate levels between female xCT/sut and their controls in the striatum or cerebellum (One-tailed Mann-Whitney glutamate levels cerebellum, xCT/sut 0.26 ± 0.078 M, n = 5, B6/SnJ 0.51 ± 0.11 M, n = 7, p = 0.053, Fig. 7C , striatum xCT/sut 0.41 ± 0.16 M, n = 6, B6/SnJ 0.56 ± 0.17 M, n = 7, p = 0.31, Fig. 7D ).
Based on these results, we conclude that neither xCT/sut nor homozygous sut mutants have significantly reduced interstitial glutamate levels in the cerebellum, compared to controls. We detected reduced glutamate in the striatum of sut males, similar to that previously reported for xCT mutants [9, 18] . However, we did not detect reduced glutamate in the striatum of xCT/sut mice.
EAAT protein levels in xCT knockouts
Reduced glutamate levels following loss of xCT could be compensated by a decrease in excitatory amino acid transporter (EAAT) expression. This could explain some differences in interstitial glutamate between strains. Therefore we measured protein levels of EAAT-1, EAAT-2 and EAAT-3 using Western blotting, in all three genotypes and males and females. There was no significant difference in protein levels between males and females, so the data from both sexes was combined to increase the sample size (Two-way ANOVA with Bonferroni posttest comparison across each genotype between sexes in all three EAATs p > 0.05, data not shown). There was no significant difference in protein levels of all three EAATs in any of the xCT knockouts compared to their controls (One-way ANOVA with Tukey posttest of protein levels for EAAT-1 xCT/sut 0.16 ± 0.02, n = 6; B6/SnJ 0.16 ± 0.03, n = 6; xCT 0.17 ± 0.04, n = 6; B6 0.2 ± 0.04, n = 6; sut 0.18 ± 0.03, n = 6; SnJ 0.13 ± 0.03, n = 6, Fig. 8A , One-way ANOVA with Tukey posttest of protein levels for EAAT-2 xCT/sut 1.9 ± 0.14, n = 6; B6/SnJ 2.2 ± 0.41, n = 6; xCT 1.9 ± 0.25, n = 6; B6 2.0 ± 0.28, n = 6; sut 1.6 ± 0.25 n = 6; SnJ 1.6 ± 0.31, n = 6, Fig. 8B , One-way ANOVA with Tukey posttest of protein levels for EAAT-3 xCT/sut 0.035 ± 0.01, n = 6; B6/SnJ 0.0.27 ± 0.01, n = 6; xCT 0.02 ± 0.01, n = 6; B6 0.03 ± 0.01, n = 6; sut 0.048 ± 0.02, n = 6; SnJ 0.037 ± 0.02, n = 6, Fig. 8C ). We conclude based on our results that there are no significant differences in EAAT-1, -2, or -3 expression between any of the xCT mutant strains and their controls, at least on the whole-brain level.
Discussion
The goal of this study was to identify behavioral changes caused by loss of system xc-. System xc-was eliminated by mutations in the gene slc7a11, which encodes xCT, the core transporter protein required for system xc-function. We analyzed two motor behavior tasks and two tasks related to exploratory behavior and working memory [28] . To ensure that phenotypes could be attributed to loss of system xc-rather than genetic background, our measurements were performed in two different slc7a11 mutant mouse strains (xCT and sut) as well as their F1 offspring (xCT/sut). Our results showed that slc7a11 mutant strains did indeed show some behavioral differences, compared to their controls. However, no particular behavioral deficits were shared by both mutant strains and their F1 offspring, forcing us to conclude that the behavioral differences that we observed are not attributable to loss of system xc-.
To ensure that the differences between slc7a11 mutant strains were not due to differences in xCT protein expression between strains, we used Western blots to measure xCT protein expression in the brain. However, our Western blot results showed that homozygous sut mutants, like xCT mutants, do not express xCT protein. Both xCT and sut mutants therefore appear to be protein nulls. Effects of system xc-loss in either strain should be phenotypically identical to effects in the other.
System xc-is thought to regulate extracellular glutamate levels in the brain. Our microdialysis experiments detected a reduction in glutamate in homozygous sut mutant striatum, as previously reported for xCT mutants. But we detected no reduction in glutamate levels in the cerebellum of sut or xCT/sut strains, and no reduction in the striatum of xCT/sut mice.
Western blots using antibodies against EAAT-1, -2, and -3 showed no change in overall levels of EAAT-1, -2, or -3 protein expression, suggesting that loss of system xc-is not compensated by increased EAAT expression. However, it should be noted that our EAAT measurements used whole brain tissue; we therefore cannot exclude the possibility of local (cerebellar, striatal) EAAT expression changes.
An important contribution of our study to previous efforts is that we examined behavior in two different mutant mouse strains as well as heteroallelic offspring. Homozygous mutants are homozygous for every locus on the mutant chromosome. Thus, it is possible that genetic alterations other than those at the locus of interest (slc7a11, in our case) could contribute to behavioral differences. Backcrossing helps ensure that the genetic background is similar between mutant and control strains, but does not completely eliminate the possibility that they are different, especially since it is difficult to remove background mutations that are close to the chromosomal location of interest, and because different strains can genetically diverge relatively quickly. In other diploid model organisms (such as Caenorhabditis elegans and Drosophila), this difficulty is routinely circumvented by use of multiple alleles and heteroallelic combinations, such as we used here. Our approach showed that the sut strain, but not the xCT strain, has behavioral differences compared to their controls, but since these behavioral differences were not detected in both mutant alleles or their heteroallelic offspring, these changes might not be due to loss of system xc-. This does not rule out the possibility that other unexamined behaviors might be altered by loss of xCT, though it suggests that loss of xCT might in any case only lead to relatively subtle changes in behavior. This is particularly interesting, since subtle behavioral changes are most likely to pinpoint a specific role for xCT in brain function.
A previous study showed a reduction in three-arm spontaneous alternation in homozygous xCT mutant mice, compared to controls [18] . Similarly, we observed a reduction in spontaneous alternation with sut mutant mice, but this phenotype could not be replicated in all the mutant strains we tested. Additionally a previous study showed that sut mice have long-term memory deficits related to fear memory and passive avoidance memory [27] . Deficits in memory in the sut mouse strain are consistent with what we found in our study (though we did not use the same behavioral tasks), particularly in females, which did not have motor deficits like males. Similarly, pharmacological inhibition of system xc-in rats showed behavioral changes related to schizophrenia in working memory [26] . However, specific pharmacological inhibitors for system xcare not yet available, so any memory deficits related to system xcmight be hard to separate from other possible side effects of the drug.
We did not find a significant reduction in striatal or cerebellar glutamate levels in xCT/sut mice, or in the cerebellum of sut mice. However, we did find a reduction in glutamate levels in the striatum of sut animals, which is consistent with a previous study showing reductions of striatal glutamate in xCT knockout mice [9] . We detected no difference in levels of EAAT-1, -2, or -3 proteins, which are also known regulators of extracellular glutamate, in any strain.
Conclusions
In summary, we show that sut mutant mice demonstrate deficits in four-arm and three-arm spontaneous alternation tasks, but these changes were not consistently observed in other slc7a11 mutant strains, and thus cannot be definitively attributed to loss of system xc-. Consistent with previous studies showing reduced striatal glutamate in xCT mutant mice, we observed reduced glutamate levels in the striatum of homozygous sut mutant mice. However, we did not detect changes in striatal glutamate of heteroallelic xCT/sut mice, despite Western blot data showing that sut and xCT are both protein null alleles. We detected no change in cerebellar glutamate in any slc7a11 mutant strain. Western blots showed no changes in EAAT expression in any genotype, suggesting that system xc-loss does not affect EAAT expression, at least on the whole-brain level.
